Abstract-The NASA EV-2 Cyclone Global Navigation Satellite System (CYGNSS) is a spaceborne mission focused on tropical cyclone (TC) inner core process studies. CYGNSS attempts to resolve the principle deficiencies with current TC intensity forecasts, which lies in inadequate observations and modeling of the inner core. The inadequacy in observations results from two causes: 1) Much of the inner core ocean surface is obscured from conventional remote sensing instruments by intense precipitation in the eye wall and inner rain bands. 2) The rapidly evolving (genesis and intensification) stages of the TC life cycle are poorly sampled in time by conventional polar-orbiting, wide-swath surface wind imagers. CYGNSS is specifically designed to address these two limitations by combining the all-weather performance ofGNSS bistatic ocean surface scatterometry with the sampling properties of a constellation of satellites.
Satellite System (CYGNSS) is a spaceborne mission focused on tropical cyclone (TC) inner core process studies. CYGNSS attempts to resolve the principle deficiencies with current TC intensity forecasts, which lies in inadequate observations and modeling of the inner core. The inadequacy in observations results from two causes: 1) Much of the inner core ocean surface is obscured from conventional remote sensing instruments by intense precipitation in the eye wall and inner rain bands.
2) The rapidly evolving (genesis and intensification) stages of the TC life cycle are poorly sampled in time by conventional polar-orbiting, wide-swath surface wind imagers. CYGNSS is specifically designed to address these two limitations by combining the all-weather performance ofGNSS bistatic ocean surface scatterometry with the sampling properties of a constellation of satellites.
T ABLE OF CONTENTS observations results from two causes: 1) Much of the inner core ocean surface is obscured from conventional remote sensing instruments by intense precipitation in the eye wall and inner rain bands. 2) The rapidly evolving (genesis and intensification) stages of the TC life cycle are poorly sampled in time by conventional polar-orbiting, wide-swath surface wind imagers. CYGNSS is specifically designed to address these two limitations by combining the all-weather performance of GNSS bistatic ocean surface scatterometry with the sampling properties of a constellation of satellites [1, 2] . The use of a dense constellation of micro-satellites results in spatial and temporal sampling properties which are markedly different from conventional imagers. A candidate low-cost spacecraft and GNSS receiver design are considered which could practically be used in an affordable constellation mission. Compromises in some aspects of the design are necessary (e.g. limiting the downward looking antenna gain) in order to keep the system small and affordable. The signal-to-noise ratio of the measured scattered signal, and the resulting uncertainty in retrieved surface wind speed, are also examined. This paper is part of a coordinated series of papers being presented at the 2013 IEEE Aerospace Conference in Big Sky, MT. The full series includes: 
WIND OBSERVATION FORECAST VALUE
The fact that forecast improvements in TC intensity have lagged so far behind those of TC track suggests that the deficiency lies somewhere other than proper observations and modeling of the mesoscale and synoptic environment. CYGNSS will attempt to resolve the principle deficiency with current TC intensity forecasts, which lies in inadequate observations and modeling of the storm's inner core. The inadequacy in observations results from two causes: 1) Much of the inner core ocean surface is obscured from conventional remote sensing instruments by intense precipitation in the eye wall and inner rain bands. 2) The 2 rapidly evolving (genesis and intensification) stages of the TC life cycle are poorly sampled in time by conventional polar orbiting, wide-swath imagers. CYGNSS IS specifically designed to address these two limitations.
The Value of Wind Observations in Precipitating
Conditions. Previous spaceborne measurements of ocean surface vector winds have suffered from degradation in highly precipitating regimes, as was the case for QuikScat. As a result, in the absence of reconnaissance aircraft, the accuracy of wind speed estimates in the inner core of the hurricane is often highly compromised.
Mesoscale Convective Systems (MCSs) contribute more than half of the total rainfall in the tropics and serve as GPS sat. Fi f! ure 2. (l�fi) ?P� si l5. nal propagation and scattering geometries for ocean surface bistatic quasi-specular scatterometry.
(right) Spatlal distributIOn of the ocean surface scattering measured by the UK-DMC-l demonstration spaceborne mission referred to as the Delay Doppler Map [5] .
the precursors to TCs. Over the ocean, the organization of the fluxes depends on a complex interaction between surface level winds and storm dynamics. Their development and characteristics depend critically on the interaction between ocean surface properties, moist atmospheric thermodynamics, radiation, and convective dynamics. [6] . The study demonstrates that a single, broad-swath, high-resolution scatterometer system cannot resolve synoptic scale spatial detail everywhere on the globe, and in particular not in the tropics. The irregular and infrequent revisit times (ca. 11-35 hrs) are likewise not sufficient to resolve synoptic scale temporal variability. As a striking example, Fig. 1 shows the percentage of times that the core of every tropical depression, storm and cyclone from the 2007 Atlantic and Pacific seasons was successfully imaged by QuikScat or ASCA T. Missed core imaging events can occur when an organized system passes through an imager's coverage gap or when its motion is appropriately offset from the motion of the imager's swath. The figure highlights the many cases in which TCs are resolved much less than half the time. One particularly egregious case is Hurricane Dean, which was sampled less than 5% of the time possible by AS CAT. ) illustrates the propagation and scattering geometries associated with the GNSS approach to ocean surface scatterometry. The direct GPS signal provides a coherent reference for the coded GPS transmit signal. it is received by a RHCP polarized receive antenna on the zenith side of the spacecraft. The quasi-specular forward scattered signal from the ocean surface is received by a downward looking, LHCP polarized antenna on the nadir side of the spacecraft. The scattered signal contains detailed information about its roughness statistics, from which local wind speed can be derived [3] . The scattering cross-section image produced by the UK-DMC-l demonstration spacebo . me mission is shown in Fig. 2 (right) . Variable lag correlatlOn and Doppler shift, the two coordinates of the ima � e, enable the spatial distribution of the scattering cross sectlOn to be resolved [4, 5] . This type of scattering image is referred to as a Delay Doppler Map (DDM). Estimation of the ocean surface roughness and near-surface wind speed is possible from two properties of the DDM. The maximum scattering cross-section (the dark red region in Fig. 2-right) can be related to roughness and wind speed. This requires absolute calibration of the DDM. Wind speed can also be estimated �rom a relatively calibrated DDM by the shape of t�e scattenng arc (the red and yellow regions in Fig. 2-fight) . The arc represents the departure of the actual bi-static scattering from the purely specular case that would correspond to a perfectly flat ocean surface, which appear in � he DDM as a single point scatterer. The latter approach nnposes more relaxed requirements on instrument calibration and stability than does the former. However it derives its wind speed estimate from a wider region of �he ocean .
surface and so necessarily has poorer spatial resolutlOn. Development of wind speed retrieval algorithms from DDMs is an active area of research [5] . 
EXAMPLE OF SCIENCE COVERAGE
A time lapse simulation comparing CYGNSS and ASCAT coverage of Hurricane Frances just before its U.S. landfall is shown in Fig. 5 . The simulation was created by projecting satellite coverage models for each mission onto the archival stonn track record for Frances. Each frame represents all samples taken within a 3 hour intervals. The TC inner core is shown as a large blue dot in each frame. ASCA T, with its relatively narrow swath width, only infrequently samples the inner core, whereas the much wider and more dispersed effective swath of the CYGNSS constellation allows for much more frequent sampling. The average revisit time for TC sampling is predicted to be 4.0 hr, and the mean revisit time will be 1.5 hr.
SUMMARY
The Cyclone Global Navigation Satellite System (CYGNSS) goal is to understand the coupling between ocean surface properties, moist atmospheric thermodynamics, radiation, and convective dynamics in the inner core of Tropical Cyclones (TCs). Our goal directly supports the NASA strategic objective to enable improved predictive capability for weather and extreme weather events. Near-surface winds are major contributors to and indicators of momentum and energy fluxes at the air/sea interface. Understanding the coupling between the surface winds and the moist atmosphere within the TC inner core is key to properly modeling and forecasting its genesis and intensification. Of particular interest is the lack of significant improvement in storm intensity forecasts over the past two decades, relative to forecasts of storm track.
Advances in track forecast have resulted in large part from the improvements that have been made in observations and modeling of the mesoscale and synoptic environment surrounding a TC. We hypothesize that the lack of an accompanying improvement in intensity forecast is largely due to a lack of observations and proper modeling of the TC inner core. The inadequacy in observations results from two causes. 1. Much of the inner core ocean surface is obscured from conventional remote sensing instruments by intense precipitation in the eye wall and inner rain bands. 2. The rapidly evolving genesis and intensification stages of the TC life cycle are poorly sampled by conventional polar orbiting, wide-swath imagers. CYGNSS addresses these two limitations by combining the all-weather performance 5 of GPS-based bistatic scatterometry with the spatial and temporal sampling properties of a constellation of observatories. The constellation consists of individual GPS surface reflection receivers flown on 8 micro-satellites. This provides the ability to measure the ocean surface winds with unprecedented temporal resolution and spatial coverage under all precipitating conditions, up to and including those experienced in the hurricane eyewall. 
